INTRODUCTION
M-Health has been defined as "mobile computing, medical sensor, and communications technologies for healthcare" [1] . This emerging concept represents the evolution of e-health systems from traditional desktop "telemedicine" platforms to wireless and mobile configurations. Current and emerging developments in wireless communications integrated with developments in pervasive and wearable technologies will have a radical impact on future healthcare delivery systems. One of the new areas of advanced mobile healthcare applications that has not been explored and investigated in detail is the wireless robotic tele-ultrasonography (U.S.) system.
It is well known clinically that ultrasound scanning is a well-established noninvasive method that is easy to use and very well adapted for routine clinical examinations in specialist medical centres and hospitals. However, most of the available portable ultrasonography and existing ultrasonography systems require the expert to carry out the examination on site. Although these systems offer quick and reliable noninvasive diagnosis in many clinical scenarios, the major drawback of these portable ultrasound systems is that they are not available in small medical centres, isolated sites, and rescue vehicles in emergency cases. Their usefulness is dependent on the operator's (expert) skills. In such circumstances, robotic tele-ultrasonography could be useful. In addition, such robotic telemedicine systems could be very valuable for training in nonspecialist sonograph remote medical centres, and can also be valuable for expert opinion in combat and military scenarios as well.
The wider availability of 3G systems in most of the European and developing countries will inevitably allow the wider use of such wireless robotic m-health systems, especially in remote and isolated areas, which will certainly reflect on better healthcare efficiency and improved medical care in these countries.
One of the first ultrasound telemedicine studies on remote examinations was reported in the mid-1990s, where the ultrasound video images acquired by the technician at the patient's side were transmitted to a medical expert [2] . However, these systems were not efficient enough for proper medical validation because of their 'expert dependency' on the relevant ultrasound examination.
In 1998, videoconferencing was used between two experts, with one of them was performing the echography examination [3] . Both experts could simultaneously discuss the obtained ultrasound image, and the expert who was distant from the patient could suggest a different probe orientation to his peer for better observation and analysis of the area of interest. In 2000, the European project TeleInVivo was developed [4] , in which the echography was performed by a clinical expert standing next to the patient, then ultrasound data were sent via satellite to a data base station and processed to reconstruct a 3D representation of anatomical regions of interest [5] .
In Japan, tele-operated robots have been set up to perform a remote ultrasound examination between two nearby sites with terrestrial communications [6, 7] .
All these studies have shown the necessity of a skilled ultrasound expert to drive the robotic structure holding the probe. We have developed a new generation of specific lightweight, 
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3G Wireless Communications for Mobile
Robotic Tele-Ultrasonography Systems portable, and fully integrated robotic devices for tele-ultrasound. These robotic devices have different degrees of freedom (DoFs) dedicated to special applications. The number of degrees in the robotic head or arm represents the number of movements, and a flexibility that translates as close as possible to human hand movement, for example, 6 DoF represents movements in total X, Y, Z and diagonal directions that the human hand can do.
The article is structured as follows. The following section presents an overview of the OTELO system. Next, we outline the 3G wireless connectivity of the system and the medical data-rate requirements. The article then presents the experimental setup, and goes on to present the performance analysis and discuss the results. The final section presents the conclusions of the article.
3G MOBILE ROBOTIC TELE-ECHOGRAPHY SYSTEM
The advanced medical robotic system, mObile Tele-Echography using an ultra-Light rObot (OTELO), was a European Information Society Technologies (IST) funded project that developed a fully integrated end-to-end mobile teleechography system for population groups that are not served locally, either temporarily or permanently, by medical ultrasound experts. It comprises a fully portable tele-operated robot allowing a specialist sonographer to perform a real-time robotised tele-echography (ultrasonography) to remote patients [7] . The system comprises three main parts:
•The expert station: where the medical expert interacts with a dedicated patented pseudohaptic fictive probe instrumented to control the positioning of the remote robot and emulates an ultrasound probe that medical experts are used to handle, thus providing better ergonomy.
•The communication links: OTELO is adaptable to operate on different types of communication (satellite, 3G wireless and terrestrial) links. In this article, we address the performance of the system under 3G mobile connectivity. (The other links have been addressed elsewhere [5, 7, 8] ; these different communication links will allow the universal usage of the system based on the availability of these technologies in different geographical locations.) •The patient station: composed of a 6 DoF lightweight robotic system and its corresponding control unit. This robot manipulates an ultrasound probe according to orders sent by the medical expert. The probe also allows the grabbing of the ultrasound images that are sent back to the expert. Figure 1 shows the general end-toend functionality of the OTELO system. Three types of critical data are to be transmitted over the OTELO system: robotic control data, ultrasound still images, and medical ultrasound streaming data. In this article, we only address the performance issues regarding the controlled ultrasound medical streams, since this type of medical data represents the most "demanding data-rate" requirements of such robotic telemedicine systems.
The robotic system has also a force feedback mechanism in order to allow the expert to move the fictive probe and control the distant probeholder for the remote robotic system.
We observed that the voice packet data takes priority and could cause some degradation (in terms of the packet delays and jitter) on the ultrasound reception. In addition, during the "ultrasound scan" voice is rarely needed by either the patient or the expert. Hence, we consider that both the ambient video plus the voice (videoconference) can be transmitted when such a data type is required following the reception of ultrasound data by the expert station. However, if sufficient 3G bandwidth is available, simultaneous ultrasound stream and videoconferencing data transmission can be accommodated. It is reported that at least 80 percent of these in-vivo tests have led to comparable results with a conventional ultrasound examination for the organs examined and detected [7, 8] .
It is well known that 3G wireless technologies present an enhanced mobile platform for many wireless telemedicine applications [8, 9] ; in general, for: n n n nFigure the customer terminal can use processing resources resident on a remote server (e.g., one managed by the service provider). The selected U.S. streams will be transmitted over different available 3G network data rates. These range from 56 to 384 kb/s (uplink). These rates are specifically related to the patient-station uplink that represents the specific communication bottleneck of this telemedicine 3G connectivity channel. The patient station sends ultrasound images, ultrasound streams, ambient video, sound, and robot control data, while it receives only robot control, ambient video, and sound from the expert station (i.e., expert-station uploading).
The classification of the OTELO traffic is mapped to the three major traffic classes defined by the Third Generation Partnership Project (3GPP) for Universal Mobile Telecommunication System (UMTS) quality of service (QoS) classes. The best-suited QoS class for video streaming is service class "Streaming" which preserves the time relation (variation) between information entities of the stream. However, for medical image sequences with real-time (RT) requirements, the "Conversational" class would be necessary.
The general functional modalities of the system are given in Table 1 , with those addressed in this article shown in boldface letters.
EXPERIMENTAL SETUP ENVIRONMENT
The experimental setup is designed to measure the end-to-end system performance over the 3G network, as shown in Fig. 2 .
The following performance metrics are measured:
• Average throughput (ultrasound stream and robot control data) • End-to-end packet delay and delay jitter.
The ultrasound scanner data is acquired at the rate of 13 frames/s, each frame with the resolution of (320 × 240) pixels for the videoconferencing format, and (176 × 144) pixels for the Quarter Common Intermediate Format (QCIF). The robotic data flow bursts from the expert station at 16 bytes payload on 70 ms time interval, n n n nFigure 2. OTELO mobile robotic system connectivity over a 3G network. and the received robot data stream from the patient station is updating the robotic head position continuously. The patient station is connected to a 3G terminal via a wireless card connected to a laptop PC. The tests were carried out at different network loading conditions (especially at peak working hours) and the presented results reflect these network conditions.
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IMPLEMENTATION OF THE STREAMING PROTOCOL
It is well known that protocols for streaming media are commonly designed and standardized for communications between clients and streaming servers. They are concerned with issues such as network addressing, transport, and session control [10] . The transport protocol family for media streaming includes User Datagram Protocol (UDP), Transmission Control Protocol (TCP), Real-Time Protocol (RTP), and RealTime Transport Control Protocol (RTCP).
Since TCP retransmission introduces delays that are not acceptable for real-time streaming applications with stringent delay requirements, especially for transmission over fading wireless links, UDP is typically employed as the transport protocol for video streams over such fading channels.
RTP is an Internet standard protocol designed to provide end-to-end transport functions for supporting real-time applications. RTCP is a companion control protocol with RTP and is designed to provide QoS feedback to the participants of an RTP session; therefore, the RTP/UDP/IP protocol is applied in our work. The UDP/IP protocol is used for the robot data that is transmitted in both directions. Although the effect of packet loss on the robotic control could affect the mechanical functionality of the robotic control system, the tests carried out on the OTELO system with an uplink of (64 kb/s) have shown the reliable functioning of the robotic system in the patient station with the minimal packet loss of (< 0.5 percent).
ULTRASOUND STREAM CODEC
The video compression standard used in this application is H263 codec, which has a wide range of applications, including medical consultation and diagnosis at a distance. The H.263 is aimed particularly at video coding for low bit rates (typically, 20 to 30 kb/s and above). Further details on this codec design and the imaging functionality of this codec for OTELO can be found in [11] .
PERFORMANCE RESULTS AND DISCUSSION
The OTELO system was tested on a live 3G network (Vodafone, U.K.). The experimental tests for the system were carried within the greater London area between Kingston University, London (patient side) and St. George's Medical School, London (expert side). The following results summarize some of the performance tests carried out.
ULTRASOUND THROUGHPUT ANALYSIS
A sample of the instantaneous throughput of the ultrasound stream captured by the expert is shown in Fig. 3 , where the average throughput obtained was 23 kb/s and the standard deviation (std) value of 22 kb/s represented the patient station uplink average throughput value. The variation in the throughput shown in the figure can be attributed to the movement of the robotic probe holder in addition to the variations in the network conditions.
The number of stream packets taken for the analysis was 350. This stream length was selected based on the experimental 3G test results on n n n nFigure 3. Sample peak throughput of the received ultrasound stream by the expert station. OTELO, where this stream length represents a good average measure for the performance results of the system for a complete ultrasound scan session that can last, in general, between two and four minutes. These tests also indicated that approximately 82 percent of the packets received at the expert station were at rate of 18.5 kb/s, whilst the reminder of the packets were received at data rates of up to 60 kb/s.
The performance test of the system in terms of packet loss indicated that none of the 360 RTP packets captured by the expert side, in good network conditions, was lost; whereas in a different network (congested) condition test, the result indicated that only 2 out of 1192 RTP packets (0.17 percent) captured were lost.
DELAY DISTRIBUTION
The delta-time distribution of the stream packets is shown in Fig. 4 , where the performance analysis of the stream packet delay at the expert station gives an average packet delta time (time difference between two consecutive packets) of 0.148 sec.
The delay distribution shows a maximum delay of around 0.3 sec for just about 7 percent of the received packets, while 50 percent and about 30 percent of the packets show delays of around 0.12 and 0.22 sec, respectively. There are several factors that cause this delay across the wireless link: the delay access on each ON period (variable), the delay of the multiplex process (variable), and the transmission delay. The connection between both system ends is always ON during the entire clinical session [9] . It should also be noted that any video packet that arrives beyond its delay bound (e.g., its play-out time) is useless and can be regarded as lost [10] .
The delay variation (jitter) across this system's link is considered a key factor for a reliable real-time medical ultrasound stream reception at the expert station. The results also indicate that the delay jitter encountered by the received packets degrades the reliability of the ultrasound images in terms of irregular frames per second (fps) production.
ROUND-TRIP TIME DELAY
Generally, the network RTT can be defined as the time it takes to transmit one packet from, say, a server to a terminal plus the time it takes for the corresponding packet to be sent back from the terminal to the server [12] . The formula for the RTT delay regarding OTELO system is represented as follows:
Expert side generates and sends robot control Different packet sizes of 100, 200, 300, 500, 1000, and 1400 bytes are tested to characterize various delay performances. These packet sizes are chosen to cover the possible size range of the packets generated by the H263 codec used by the system.
Internet Control Message Protocol (ICMP) is used for pinging the expert station from the patient station at 500 to 1000 ms time intervals. ICMP provides some error-detection mechanisms and it can be used to send error messages or other messages for network diagnosis [12] . The RTT delay test is performed with patient-station data rates of 256 kb/s for downlink and up to 64 kb/s for the uplink channel. Table 2 summarizes the comparative results of the RTT values for different ultrasound packet sizes as well as the robotic control data size of 16 bytes. These results indicate the end-to-end RTT of the path defined above.
The test results also show that the latencies of the 3G wireless link of the system are the highest (around 80 to 90 percent) of the total end-to-end delay.
The end-to-end delay of the system is based on the average packet delta time results, as illustrated in Table 2 , which is closely correlated (RTT/2) to pinging 300 bytes (boldface results in Table 2 ) from the patient station to the expert station that is used as an average ultrasound transmitted packet size. Based on the above, the maximum delay of probe movement to received image (expert-patient-expert) path was found to be around 325 ms under these specific ultrasound-encoding conditions.
CONCLUSIONS
The experimental test results for transmitting ultrasound streams encoded in the (QCIF) format using the H.263 codec have demonstrated successful transmission in 3G real-time environments. The quality of the received ultrasound information was 5 fps with an objective quality measure of 35 dB peak signal to noise ratio (PSNR). These values represent the minimum bounds that are clinically acceptable by the medical experts using the OTELO system for prediagnosis requirements of such 3G mobile robotic telemedicine systems. These results are achieved using 64 kb/s at the patient station uplink. Enhanced performance can be achieved using higher rates and depending on the 3G network operators channel assignments.
We have also found that network delay jitter variations were still within the acceptable boundaries of maintaining high-quality realtime interaction for the system; 297 ms compared to a maximum delay of 325 ms. In general, we can conclude that such advanced mobile robotic telemedicine systems can successfully provide clinically acceptable quality ultrasound data using commercial 3G networks. 
